Lipopolysaccharide (LPS) stimulates macrophages to release inflammatory cytokines, interleukin-1␤ (IL-1), and tumor necrosis factor (TNF). LPS-induced TNF
Lipopolysaccharide (LPS 1 or endotoxin) is a potent activator in the immune system. It induces a variety of immune responses to severe infection (3) (4) (5) , such as local inflammation, antibody production, and septic shock. In addition, LPS is the major mediator of the high morbidity and mortality rates characteristic of Gram-negative bacteria, i.e. endotoxic shock (3, 5) . The architecture of LPS consists of three separated "building blocks" as follows: lipid A, an inner core region, and the Ospecific side chain. These separate building blocks have widely different compositions and structures that are reflected in their biological activities (6) . In early immune response for LPS, macrophages, which are the major cellular targets for LPS action, play a central role in host defense with physical and immune responses against bacterial infection (4) . It is thought that LPS-induced signal transmission requires binding to specific cellular receptors, including toll-like receptors (5, (7) (8) (9) . Whereas bacterial products are binding to toll-like receptors on macrophages, the cells are activated and stimulate a wide spectrum of host defensive systems. This requires the activation of multiple signaling molecules in transduction pathways, for example protein-tyrosine kinase (PTK), LPS receptor-associated serine/threonine kinase, Ras, Raf-1, IB kinase, MEK, mitogen-activated protein kinases (MAPKs) (4, 10 -16) , etc. These molecules may converge or diverge and often have "cross-talk" properties, which make signaling networks complicated and with mutual influence. Subsequently, the signals further transduce to downstream pathways and activate numerous transcription factors, including AP-1, NF-B (13), and ATF-2 (17) . This in turn triggers a large amount of genes encoded for inflammatory mediators and cytokines. These elicited cytokines are believed to be responsible for cell proliferation, differentiation, immunoregulation, and cytotoxicity for bacteria and bacterial products (6) .
It is known that LPS has multiple and different effects on macrophages, such as the regulation of macrophage functions (1, 2) and the induction of inflammatory cytokines such as IL-1, IL-6, and TNF (12, 15, 18, 19) . Although IL-1 is a potent inflammatory cytokine with various biological activities regulating host defense and immune responses (20) , there has been less investigation of LPS induction of IL-1. In the process of 1 The abbreviations used are: LPS, lipopolysaccharide; ROS, reactive oxygen species; IL-1, interleukin-1␤; pro-IL-1, prointerleukin-1␤; NAC, N-acetyl-cysteine; DPI, diphenyleneiodonium chloride; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-JUN NH 2 -terminal protein kinase; p38, p38 mitogen activated protein kinase; PI 3-kinase, phosphatidylinositol 3-kinase; PAK, p21-activated kinase; PTK, protein-tyrosine kinase; PTP, protein tyrosine phosphorylation; ICE, interleukin 1-converting enzyme; TNF, tumor necrosis factor; CM-DCFH, carboxyl-2Ј,7Ј-dichlorofluorescein diacetate; DN, dominant negative; ELISA, enzyme-Linked immunosorbent assay; PK, protein kinases; PKC, protein kinase C; RT, reverse transcriptase.
IL-1 maturation, a precursor molecule referred to as prointerleukin-1␤ (pro-IL-1) is produced in the cytosol of macrophages. Originally, pro-IL-1 is a 31-34-kDa non-active form of cytokine, until it is cleavaged via an enzymatic procession into a 17-kDa mature functional form by IL-1-converting enzyme (ICE) or caspase 1 (21) (22) (23) (24) . After the ICE cleavage, the active IL-1 is released and exhibits its diverse biological functions.
As growth factors or cytokines, LPS induces MAPKs, including extracellular signal-regulated kinase (ERK), c-JUN NH 2 -terminal protein kinase (JNK), and p38 mitogen-activated protein kinase (p38). These play key roles in the LPS-mediated signal transduction between extracellular membrane stimulation and the cytoplasmic response and nuclear activity of the activation of the gene (11, 17) . Specifically, ERK activation involves cytokine induction and regulation during responses to bacterial products (25) (26) (27) . In addition to responding to numerous physiological and stress stimuli (28 -31) , JNK is considered to play roles in regulating the expression of various stressinduced proteins and inflammatory cytokines (12, 31) . p38 is activated in response to stress signals such as LPS, osmotic stress, and pro-inflammatory cytokines (14, 27, 32, 33) . Previous studies have shown that the p38 pathway is critical for LPS-stimulated cytokines release (25, 33) , including IL-1 and TNF induction in monocytes (17) . Moreover, previous findings (34, 35) indicated that p38 activity could be regulated via Rho GTPase (Rac1) and PAK.
Reactive oxygen species (ROS) regulate multiple cellular functions such as DNA synthesis (36) , transcription factor activation (37), gene expression (38) , and proliferation (39) . The induction of H 2 O 2 can affect various gene expressions in macrophages ( (40, 41) and this work). There are several indications that H 2 O 2 may act as a cellular secondary messenger (37, 42) . H 2 O 2 is considered to activate NF-B (37), which regulates the expression of multiple immune and inflammatory molecules. Therefore, for the cell immune system, H 2 O 2 displays a critical role in the host defense mechanism. Alternatively, the activation of ROS including H 2 O 2 acts as a significant and adverse participant in abnormal inflammatory diseases. One of the important sources of ROS in phagocytes, including macrophage, is NADPH oxidase activation during phagocytosis (43) . NADPH oxidase, which could be inhibited by diphenyleneiodonium chloride (DPI), is a membrane-associated complex, which consists of a minimum of four proteins, i.e. membrane-bound cytochrome b 558 , p47 phox , p67 phox , and Rac2 in humans or Rac1 in rodents (43) . Among these components, Rac is the most critical for a functional NADPH oxidase whose activity is regulated by small GTP-binding proteins. In response to phagocytic stimuli, i.e. lipids, soluble peptides, and opsonized particulates, NADPH oxidase moves electrons from NADPH to reduce O 2 to O 2 . . These superoxide free radicals are rapidly converted to H 2 O 2 and O 2 by cytosolic superoxide dismutase (44, 45) and then sequentially to other products. Nevertheless, both the mechanism for LPS induction ROS and the role of induced ROS in cytokine expression of macrophages are still unclear.
To understand how ligation of LPS induces inflammatory cytokine IL-1 gene expression in macrophages, we studied the molecular mechanism for LPS-mediated signal transduction pathways for various protein kinases in the regulation of IL-1 gene expression. Here we demonstrate for the first time that LPS regulation of pro-IL-1/IL-1 expression in macrophages J774A.1 is partially mediated by NADPH oxidase-derived ROS, as well as by accompanying the PTK/PI 3-kinase/Rac1/p38 pathway, but less by the PKC/MEK/ERK pathway and the PTK/PI 3-kinase/Rac1/JNK pathway.
EXPERIMENTAL PROCEDURES

Cell Cultures
Murine macrophage J774A.1 cell (J774A.1) was obtained from the ATCC (Manassas, VA), propagated in RPMI 1640 medium supplemented with 10% heated-inactivated fetal bovine serum (HyClone, Logan, UT) and 2 mM L-glutamine (Invitrogen), and cultured in 37°C, 5% CO 2 incubator, unless otherwise indicated. Kinase Assay Kits-The p44/42 MAPK assay kit, stress-activated protein kinase/JNK assay kit, and p38 MAPK assay kit were purchased from Cell Signaling Technology (Beverly, MA). The Rac activation assay kit was purchased from Upstate Biotechnology, Inc. (Lake Placid, NY).
Materials
LPS (from
Protein Kinase Inhibitors-PD98059 was from Cell Signaling Technology; calphostin C and herbimycin A were from Calbiochem-Novabiochem; LY294002 and SB203580 were from Sigma.
Oligonucleotides-Primers for pro-IL-1/IL-1 and glyceraldehyde phosphate dehydrogenase were synthesized from local MD Bio. Inc. (Taipei, Taiwan). The dominant negative JNK construct (DN-JNK) was a gift from Dr. Michael Karin (University of California, San Diego) (46) . The dominant negative Rac1 construct (DN-Rac1) was a gift from Dr. S. Bagrodia (Cornell University, Ithaca, NY) (47) .
Measurement of LPS-induced Intracellular ROS
Intracellular ROS stimulated by LPS was measured by detecting the fluorescent intensity of either 2Ј,7Ј-dichlorofluorescein diacetate (DCFH) or the improved analogue carboxyl-DCFH (CM-DCFH) (Molecular Probes, Inc., Eugene, OR) oxidized product, DCF (or CM-DCF), as described (48) . Briefly, 0.5-1.0 ϫ 10 6 J774A.1 cells/ml grown in serumand phenol red-free RPMI medium (starvation medium) for 24 h were preincubated with 2 mol/liter CM-DCFH and NAC at 37°C for 30 min in the dark. To these were added fresh starvation medium containing LPS for additional incubation at the indicated times. The relative fluorescent intensity of fluorophore CM-DCF, which was formed by peroxide oxidation of the non-fluorescent precursor, was detected at an excitation wavelength of 485 nm and an emission wavelength of 530 nm with a fluorometer, Cytofluor 2300 (Millipore Inc., Bedford, MA). In contrast, CM-DCFH with starvation medium was used as a blank control.
Measurement of LPS-induced NO
Cells were seeded in a 1 ϫ 10 7 /100-mm plate containing 6 ml of media. After 24 h of incubation, the media were replaced by fetal bovine serum-free medium 1 h prior to LPS treatment, and the conditioned media were collected at the indicated times. For assaying NO, 50 l of conditioned media of each sample was mixed with 50 l of Griess reagent I (1% sulfanilamide dissolved in 5% H 3 PO 4 ) in a 96-well assay plate at room temperature for 10 min. This was followed by addition of Griess reagent II (0.1% (w/v) N-1-naphthylethylenediamine) at room temperature in the dark for another 10 min. The absorbance of reaction (wavelength at 550 nm) in each well was measured by an MRX microplate reader (Dynex Tech. Inc., Chantilly, VA). A standard calibration curve for NaNO 2 was constructed, and calculation of the relative absorbance unit for the NO concentration of each sample was as described (19) .
RNA Isolation, RT and PCR Amplification for Detecting the Expression of Pro-IL-1/IL-1, Analysis of ICE Activity, Western Blot Analysis, Assay Activity of ERK, JNK, p38, and Enzymelinked Immunosorbent Assay (ELISA) for Measurement of IL-1
All methods and procedures followed the previous descriptions (34) .
Measurement of LPS-induced Rac Activity
The measurement of LPS-induced Rac activity followed the manufacturer's instructions from Upstate Biotechnology, Inc. Briefly, cells were starved for 18 h and then pretreated with or without NAC for 30 min prior to LPS stimulation. The whole cell lysates were collected at the indicated times and immediately incubated with PAK-1 p21-binding domain agarose (PAK-1 PBD) for immunoprecipitating active PAK-1/Rac-GTP complex. Because the Rac-GTP is able to associate with PAK-1, the amount of activated form of Rac was detected via mouse monoclonal IgG 2b anti-Rac by Western blot analysis.
RESULTS
LPS-induced ROS in Murine Macrophage J774A.1 Cells-To
investigate LPS-induced ROS in J774A.1 cells, detection of fluorescent oxidative product of CM-DCFH was used to examine cell oxygen bursts (48) . As shown in Fig. 1A , within several minutes LPS (1 g/ml) stimulation of cells rapidly induced significant ROS, including more H 2 O 2 production, when compared with that of LPS-untreated control samples, although there was less, but still significant, H 2 O 2 generation by low doses of LPS (0.1 g/ml) (data not shown). In contrast, pretreatment of NAC (10 mM), a potent antioxidant, quickly reduced LPS-induced ROS release (Fig. 1A ) in a dose-dependent fashion (data not shown). The difference of LPS-induced ROS production in cells treated with or without NAC continued for the longer testing period of up to 240 min (Fig. 1B) . NAC approximately attenuated 20% of H 2 O 2 in cells at the steady state ( Fig. 1, A and B) . However, we could not totally rule out the involvement of other ROS including superoxide anion (O 2 . ) (data not shown). Because LPS induces NO (19, 49, 50) , a member of the ROS superfamily which plays multiple biological roles in macrophages, we extended our examination to measure LPS-induced NO in our system. The cells were grown at various times in media with or without LPS, and the released NO in conditioned media was measured. In the early stage of LPS stimulation, there was no detectable NO released from the cells (Fig. 1C ). After incubation of LPS for 7 h, cells gradually produced NO at about 2 M, and at 24 h the concentration of NO reached 22 M. In contrast, in cells co-incubated with NAC, LPS-induced NO reduced to 0.8 and 6.4 M at 7 and 24 h, respectively (Fig. 1C) .
LPS Induction and the Role of LPS-induced ROS in Regulation of IL-1 Gene Expression: IL-1 Secretion, Pro-IL-1 Protein Production, and IL-1/Pro-IL-1 Message Induction as Well as
Activation of ICE-To detect the effect of LPS on inflammatory cytokine and IL-1 gene expression by macrophages, we first used ELISA to quantitate mature IL-1 secretion in the conditioned medium of J774A.1 cells. As shown in Fig. 2A , compared with untreated control cells, IL-1 secretion increased with a longer LPS incubation time. For example, at 3 and 24 h, the concentration of LPS-induced IL-1 was about 5 and 22 pg/ml, respectively. In contrast, there was less IL-1 released from NAC-pretreated cells, i.e. 1 (3 h) and 12 pg/ml (24 h), indicating that LPS-stimulated ROS involves IL-1 secretion.
Next, we investigated whether the increased mature IL-1 was reflected by induction of a precursor of IL-1, pro-IL-1 protein (molecular mass of 34 kDa), and IL-1/pro-IL-1 message. A time course study of LPS-induced pro-IL-1 protein was performed by Western blot assay. To detect release of ROS, J774A.1 cells were preincubated with CM-DCFH (2 M) and NAC (10 mM) for 30 min, followed by substitution with medium containing LPS (1 g/ml) for additional incubation for the indicated times. The relative fluorescent intensity of fluorophore CM-DCF was then detected. The data expressed are one of four representative experiments. LPS-induced release of ROS over a short period between 0 and 15 min (A); over a long period between 0 and 240 min (B). C, to detect LPS-induced NO production, cells (1 ϫ 10 7 /6 ml of medium/100-mm plate) were stimulated with LPS (0.1 g/ml), and supernatants were collected after LPS stimulation at the time indicated and assayed for the NO concentration by the Griess method. The data are representative of three similar experiments and expressed as mean Ϯ S.E. ctr, control.
pro-IL-1 protein decreased, gradually returning to the basal level at around 18 and 24 h (Fig. 2B) . To examine further the role of LPS-stimulated ROS in pro-IL-1 expression, pro-IL-1 protein was determined by using cells preincubated with NAC followed by LPS treatment. As shown in Fig. 2B , NAC blockage of LPS-stimulated ROS decreased LPS-induced pro-IL-1 protein to about 35% of NAC-free cells between 3 and 12 h. However, after 18 h there was no difference in pro-IL-1 protein with or without NAC treatment.
Next, by using RT-PCR for 3-h LPS stimulation, pro-IL-1 mRNA increased more than 30-fold, as compared with untreated cells. Between 8 and 12 h, LPS-induced pro-IL-1 mRNA gradually reduced (Fig. 2C) . After 18 h, the increased pro-IL-1 mRNA returned to the basal level. In contrast, in cells pretreated with NAC, followed by LPS stimulation between 3 and 8 h, there was generally about 70 to 40% of pro-IL-1 mRNA, as compared with NAC-free, LPS-treated samples (Fig. 2C) . This indicated that NAC decreased LPS-induced pro-IL-1 mRNA. A similar regulation of pro-IL-1 mRNA detected by Northern analyses was compatible to the message detection by RT-PCR (data not shown).
Post-transcriptional regulation and processing of the pro-IL-1 protein into a mature IL-1 secretion via ICE has been well reported in various cells, including macrophages, as in our previous reports (22, 23, 34, 51) . Because incubation of macrophages with LPS-induced pro-IL-1 protein simultaneously increased IL-1 secretion in a time-dependent fashion (Fig. 2, B  versus A) , we initially examined whether LPS affects ICE activity during IL-1 secretion. As shown in Fig. 2D , LPS increased ICE activity up to 2-fold between 3 and 12 h, peaking at a 4-fold increase by 18 h, and sequentially returning to the basal level at 24 h, as compared with the control cells. In contrast, there was no difference in ICE activity in NAC-pretreated cells under LPS stimulation, as compared with the control cells.
LPS Induces MAPKs Activity as Well as the Effect of LPSinduced ROS on MAPKs
Activity-To dissect LPS-mediated signal transduction pathways in the regulation of pro-IL-1 protein and IL-1 secretion, we systematically dissected LPSstimulated MAPKs including ERK, JNK, and p38. Furthermore, we examined the role of LPS-induced ROS in mediating the activity of MAPKs. Incubation of cells with LPS led to phosphorylation of Elk-1, a transcriptional factor, indicating LPS activation of ERK (Fig. 3A) . The experiments for time course of LPS-induced ERK activity were also conducted. As detected by Western blot analysis with an antibody that specifically recognized the activated, serine 383-phosphorylated form of Elk-1 by activated ERK (52), a 4-fold increase in ERK activity was detected at 15 min, reaching a maximum level of 12-fold at 30 min and reducing to 6-fold after 60 min (Fig. 3A) . In comparison, there was almost no ERK activity in untreated control cells. To examine further whether LPS-induced ROS involves LPS mediation of ERK activation, cells were pretreated with NAC for 30 min prior to LPS incubation. Upon LPS stimulation, ERK activity in NAC-pretreated cells increased by 2-(15 min) and 7-fold (30 min), respectively, as compared with samples without LPS. The relatively lower ERK activity in NAC-treated cells compared with that of NAC-free cells indicates that ROS is involved in the LPS-induced ERK activity.
The inflammatory stress response of J774A.1 cells to LPS prompted us to investigate the LPS-mediated JNK signaling pathway. Therefore, we examined whether LPS activates JNK in the cells. Stimulation of cells with LPS leads to activation of JNK in a time-dependent fashion, as determined by Western blot analysis via anti-phospho-c-Jun, which specifically recognizes the activated serine 63-phosphorylated form of c-Jun (28, 53, 54). Upon 15-min LPS incubation of cells, JNK activity gradually increased, with a maximum level of JNK activation at 30 min, about a 5-fold increase over that of untreated cells. Then after 60 min, it returned to the basal level (Fig. 3B) . Moreover, experiments using NAC to study the effect of ROS on LPS-mediated JNK activity were conducted. Surprisingly, JNK activity of NAC-treated cells is super-induced up to 9-fold at both 15 and 30 min, as compared with the control cells (Fig.  3B) . The reason for induction of higher JNK activity in NACtreated cells than that of NAC-free cells (i.e. 9-versus 5-fold) upon LPS stimulation is unclear and requires further investigation.
To explore additional LPS-mediated signal transduction pathways, we further examined whether LPS induces p38 activity. This is another important member of the MAPK superfamily related to inflammatory responses (32, 33) . Upon LPS stimulation, the p38 activity gradually increased, as detected by Western blot analysis with anti-phospho-ATF-2, an antibody that specifically recognizes the activated threonine 71-phosphorylated form of ATF-2 (55) (Fig. 3C) . The result of time course study of LPS-induced p38 activity indicated that at around 15 min, the activity of p38 in LPS-treated cells was ϳ15 times greater than those of the control cells and gradually decreased to about 10 and 8 times approximately at 60 and 240 min, respectively (Fig. 3C) . In contrast, deprivation of LPSinduced ROS by pretreatment of cells with NAC significantly reduced LPS-stimulated p38 activity to the basal level after about 30 -240 min, as compared with NAC-free cells (Fig. 3C) . A quantitative analysis of LPS-induced ERK, JNK, and p38 activity to compare the MAPKs activity with and without NAC is summarized in Fig. 3D .
The Role of LPS-induced Protein Kinases (PK) in the Regulation of Pro-IL-1 Protein Expression-We demonstrated above
that LPS stimulates a battery of MAPK activity, comparable with other recent reports (15, 26, 27, 32, 33, 56) . To elucidate further the role of various LPS-induced PK-mediated signaling pathways in the regulation of pro-IL-1 protein expression, we utilized certain specific pharmacological antagonists such as LY294002, SB203580, curcumin, calphostin C, and PD98059 that inhibit the activation of PI 3-kinase, p38, JNK, PKC, and MEK1, respectively. The dose response for specific PK inhibitors was monitored by directly assaying individual kinase activity, and the effective working concentrations of PK inhibitors were determined (data not shown) as reported previously (34) . Cells were preincubated with these PK inhibitors for 1 h prior to stimulation of LPS, and pro-IL-1 protein expression in indicated samples were analyzed by Western blotting with anti-IL-1 monoclonal antibody. Pro-IL-1 protein expression was reduced to 15% by LY294002, to 20% by SB203580, to 50% by curcumin, and to 70% by either calphostin C or by PD98059, as compared with pro-IL-1 in LPS-stimulated cells (Fig. 4A) .
Moreover, experiments for transient transfection of dominant negative JNK (DN-JNK), dominant negative Rac1 (DNRac1), or dominant negative PI 3-kinase (DN-PI3K) into J774A.1 cells were conducted in order to investigate further the role of PI 3-kinase/Rac in LPS induction of pro-IL-1. Results of Western blot analyses show that after LPS stimulation, there was about 30% less pro-IL-1 protein in DN-JNK-or DN-Rac1-transfected cells than that of control cells, and 40% less pro-IL-1 protein in DN-PI3K-transfected cells as compared with control cells (Fig. 4B, sample 2 versus samples 4, 6, and 8) . In addition, preincubation of NAC in the dominant negative transfectants synergistically reduced pro-IL-1 expression, except for DN-JNK transfectant. Specifically, with NAC, there was 30% of the pro-IL-1 protein left in mock cells, and 20% of the pro-IL-1 left in either DN-Rac1-transfected cells or DN-PI3K-transfected cells, respectively (Fig. 4B, sample 3 versus  samples 7 and 9) . However, there was 50% of the pro-IL-1
FIG. 3. LPS-induced ROS regulation of multiple MAPKs activation.
J774A.1 cells were treated as described in Fig. 2 . The activated ERK, JNK, and p38 were immunoprecipitated from cell lysates using specific antibodies. In vitro kinase assays were performed using the immunoprecipitants as kinases, as described previously (34) . Recombinant Elk-1 fusion protein, c-Jun fusion protein, and ATF-2 fusion protein were used as substrates for ERK, JNK, and p38, respectively. protein left in DN-JNK-transfected cells (Fig. 4B, sample 3  versus sample 5) .
LPS-induced Rac Activity and the Role of ROS in Rac
Activation-It has been reported (57-59) that LPS induces Rac/ NAPDH oxidase-dependent ROS formation. To investigate further the potential upstream signaling molecules involving in LPS-mediated transducing networks, we focused on the activity of a relevant molecule, Rac1. Upon LPS stimulation, Rac1 activity was elevated 2.5-3-fold between 5 and 60 min (Fig. 5,  samples 2-4 versus 1) . In contrast, blocking LPS-induced ROS via preincubation of NAC consequently reduced Rac1 activity by 40%, as compared with untreated samples (Fig. 5, samples  2-4 versus samples 6 -8) . Moreover, DPI, an NADPH oxidase effective inhibitor (60), significantly reduced LPS-triggered Rac1 activation by 50% as compared with the samples without DPI preincubation (Fig. 5, samples 2-4 versus samples 10 -12) .
LPS Induces PTP as Well as the Effect of LPS-induced ROS and NADPH
Oxidase on PTP in J774A.1 Cells-To elucidate the mechanism by which LPS induces IL-1, the LPS-initiated upstream signal transduction pathway was examined. For this we examined the LPS stimulation of PTP via performance of SDS-PAGE and Western blot analysis with monoclonal antiphosphotyrosine IgG (61) . As shown in Fig. 6 , incubation of J774A.1 cells with LPS induced the appearance of many phosphotyrosyl proteins as compared with cells incubated with media alone. For example, after a 15-min LPS stimulation of cells, some apparent tyrosine-phosphorylated proteins of molecular mass of 38, 42, 44, 52-75, and 100 -120 kDa (Fig. 6, samples 1  versus 2) were observed. These phosphotyrosyl proteins were identified and specifically immuno-reacted with anti-p38 IgG, anti-ERK IgG, anti-JNK IgG, anti-Lyn IgG, and anti-Src IgG, respectively (data not shown). In contrast, NAC and DPI were utilized to investigate the influence of LPS-induced ROS and NADPH oxidase in the tyrosine phosphorylation of proteins. Pretreatment of the cells with either NAC or DPI for 30 min prior to LPS stimulation resulted in a decrease of LPS-induced tyrosine phosphorylation of various proteins (Fig. 6, sample 2  versus samples 4 and 6) , indicating the involvement of ROS in LPS-induced PTP. , and NAC on LPS-induced pro-IL-1 expression. This was followed by cells pretreated with calphostin C (12.64 nM) (sample 2), PD98059 (50 M) (sample 3), curcumin (10 M) (sample 4), SB203580 (1 M) (sample 5), LY294002 (50 M) (sample 6), for 1 h or NAC (10 mM) (sample 7) for 30 min. After this, the pretreated cells were then incubated with LPS (0.1 g/ml) for an additional 8 h. After incubation, samples were subjected to Western blot analysis of pro-IL-1, as described in Fig. 2 Here we analyze and define the molecular mechanisms for LPS-stimulated ROS production, signal transductions, and PK activity in regulation of IL-1 expression.
By using the CM-DCFH fluorescent method, we demonstrate that LPS immediately induced H 2 O 2 in J774A.1 cells but that pretreatment of cells with NAC effectively inhibited LPS-induced H 2 O 2 elevation. We also report here that LPS induced detectable NO production, which was obviously much later than both pro-IL-1/IL-1 induction (7 versus 3 h, Figs. 1 and 2 ) and MAPKs activation (7 versus 1 h, Figs. 1 and 3) , although NO is an important reactive oxygen molecule mediating response of LPS in macrophages (49) . Our current findings suggest that LPS-induced ROS, rather than NO, play a more significant role in the activation of MAPKs and regulation of pro-IL-1/IL-1 in our system (see below). However, we could not totally rule out the effects of NO or cross-talk among NO and other ROS in these reactions.
Initially, the data from studies of ICE activity, ELISA, Western blot analysis, and RT-PCR showed that LPS-triggered H 2 O 2 played an important role in the induction of IL-1 gene. To investigate further the molecular mechanism for ROS effects, we found evidence that ROS participated in IL-1/pro-IL-1 expression involving multiple levels of regulation. Specifically, in the presence or absence of antioxidant NAC, our results indicate LPS-induced ROS regulation of IL-1 expression, probably at pro-IL-1 message (transcriptional), at pro-IL-1 protein production (translational), and at the processing of pro-IL-1 to mature IL-1 releasing via modification of ICE activity (posttranslational). In addition to the antioxidation of NAC involving the elevation of intracellular glutathione levels (38, 40, 64, 65) , NAC is able to block the activation of JNK in response to TNF (2) or interferon co-stimulation with TNF in macrophages (66) . Nevertheless, the mechanism for NAC reduction of LPSinduced ICE activity related to IL-1 secretion requires further study.
LPS stimulation of MAPKs (ERK, JNK, and p38) activity and activation of transcription factors (AP-1, NF-B, and ATF-2) have been reported previously (25, 26, (67) (68) (69) . In addition, activation of MEK/ERK and p38 critical for LPS-induced cytokine production by monocytes/macrophages has been documented (25, 26, 33) . However, there is little discussion of the molecular mechanism for LPS-mediated MAPKs in the regulation and expression of pro-IL-1/IL-1. We demonstrate for the first time that there were differences in the activation time and in extent of activity for LPS-stimulated ERK, JNK, and p38. Moreover, the effect of LPS-induced ROS on the activity of specific MAPK was also diverse (Fig. 3) . For example, NAC blockage of LPS-induced ROS resulted in a decrease in ERK and p38 activity but an increase in JNK activity as compared with untreated cells. We summarize the effect of LPS-induced ROS on the relative activity of LPS-induced MAPKs (Fig. 3D) , which indicates that the existence of ROS was more effective and important to p38 activity than either ERK or JNK activity in LPS-mediated regulation of pro-IL-1/IL-1 expression. Nevertheless, when all of the three MAPK pathways were activated simultaneously, a dramatic induction of IL-1 gene expression was observed, suggesting a cooperative effect on regulation of IL-1 among these kinases (15) . We further used various pharmacological antagonists to PKs. It dissected the specific role of individual PK in the regulation of pro-IL-1 expression (Fig. 4A) . Additional studies of the use of dominant PK negative transfectants verified that both NAC and specific dominant negative PK synergistically reduced LPS-induced pro-IL-1 protein expression (Fig. 4B) . Although stimulation of a single PK produced only a modest effect on pro-IL-1 protein, activation of each PK pathway was important for complete induction of IL-1 gene expression.
Various studies have shown the activation of JNK and p38 were mediated via PI 3-kinase/Rac1/PAK signaling pathway (2, 47, 70) . Rac1 is important to LPS-induced pro-IL-1 in at least two aspects as follows: first the role of Rac1 in NADPH oxidase assemble/function (71) , and second its role in PI 3-kinase/Rac1/ PAK signaling pathway. Rac is known as an important component of functional NADPH oxidase, which is localized at the plasma membrane or specific granule vesicle membrane of phagocytes, and which produces O 2 . upon phagocytosis processing (71) . Because of the DPI reduction of LPS-triggered Rac1 activation (Fig. 5B) , our data imply that LPS activates phagocytosis-related NADPH oxidase, which interacts with Rac1, leading signals as the initial of ROS (Fig. 7) . Moreover, data on transient transfection of DN-Rac1 indicates partially reduced LPS-mediated pro-IL-1 expression. Although preincubation of NAC led to additional decreasing of pro-IL-1 (Fig. 4B) , indicating the importance of Rac1 and/or NADPH oxidase and ROS in LPS-induced pro-IL-1. Our finding of NADPH oxidase and Rac1 involving ROS production is consistent with the recent report (58) of Rac1-dependent ROS in LPS-mediated TNF secretion. Indeed, our current results clearly demonstrate that the originality of LPS-induced ROS including H 2 O 2 as a secondary messenger is mainly derived from NADPH oxidase and less from LPS-damaged mitochondria in the short term (data not shown) or via other molecule(s), which mediate signal transductions and regulate pro-IL-1 protein and IL-1 secretion. Ligation of LPS quickly induces diverse phosphotyrosyl proteins, leading to activation of various downstream molecules (27) , although there is no evidence that the receptors including toll-like receptors have a functional tyrosine kinase domain. Because alteration of PTP is one of the most important signaling events leading to cellular responses (6), and to further understand how LPS is coupled to the initiation of early signaling by inducing various PTP resulting in up-regulation of IL-1 gene expression, we initially examined and identified the LPS-induced protein tyrosine phosphorylation, including MAPKs (ERK, JNK, and p38) and the Src family (Src and Lyn). Furthermore, we investigated LPS ligation, showing the relationships among LPS-induced ROS and NADPH oxidase and observed alteration of PTP. The results of antioxidant of ROS (NAC) or NADPH oxidase inhibitor (DPI) reducing LPS-induced tyrosine kinase activation suggest that ROS indeed involves LPS-induced protein tyrosine phosphorylation.
In summary, we are the first to demonstrate that in macrophages the relationship among NADPH oxidase-derived ROS, protein tyrosine phosphorylation, and the role of ROS in the regulation of IL-1 gene expression during LPS stimulation. Our results dissect the molecular mechanism of LPS-induced ROS regulation of pro-IL-1 protein and IL-1 secretion. This regulation is at multiple levels and involves LPS-mediated PTK, PK, and MAPK activity. Although LPS-mediated cooperation of multiple MAPKs induces IL-1 gene expression, we show for the first time that the LPS-induced PTK/Rac1/PI 3-kinase/p38 pathway plays a relatively more important role than the pathways of PTK/PKC/MEK/ERK and of PTK/Rac1/PI 3-kinase/ JNK in the specific cytokine regulation (Fig. 7) . Thus, understanding how LPS-mediated signal transduction pathways in IL-1 induction is responsible for macrophage antibacterial action may provide improved treatments for severe inflammatory responses leading to cellular injury, multiorgan damage, and concurrent sepsis.
